Abstract-Optical splitters and combiners which can provide precise splitting with low loss, high thermal stability, large optical bandwidth, high compactness, and insensitivity to fabrication tolerances are essential components for high performance Mach-Zehnder Interferometers (MZI)-based optical modulators. In this letter, we theoretically and experimentally investigate the multimode interference (MMI) based structure and the reduction in optical loss achievable through the use of linear tapers at the input and output ports. Our data shows that losses can be reduced to below 1 dB/MMI without affecting the static extinction when employed in MZIs.
I. INTRODUCTION

H
IGH speed silicon optical modulators have attracted significant research interest in recent years, coinciding with rapid performance enhancements. Most devices reported over the previous few years have bandwidths compatible with at least 10 Gb/s operation. On the whole, these devices consist of plasma dispersion-based phase modulators commonly but not exclusively incorporated into Mach-Zehnder Interferometers (MZI) structures. Large extinction ratios are obtainable using an MZI structure only if the optical power in each arm is balanced. This necessitates the use of a component which can provide precisely equal splitting (and combining) of the input light. This component is also required to cause low optical loss, have a large optical bandwidth, small footprint, high thermal stability, and low sensitivity to fabrication tolerances.
A number of structures operating via different optical effects have been reported which can potentially perform this function in a silicon-on-insulator (SOI)-based MZI, including directional couplers (DC), Y-splitters, star couplers and 1 2 multimode interference (MMI) structures.
Reported MZI modulators employing Y-splitters have achieved relatively low extinction ratios, in the range 10 dB to 16 dB [1] - [3] . Impairment of the extinction ratio can also result from an optical loss mismatch between MZI arms, however it generally seems that large extinction ratios are difficult to achieve with this structure. An MZI modulator employing a novel star coupler structure has been demonstrated [4] . The structure boasts a large optical bandwidth, small footprint and low optical loss however the static extinction ratio achieved in the MZI was only 14 dB. Furthermore, the design features a narrow tip, complicating fabrication.
Directional couplers generally require a long coupling length for an even power split [5] . The coupling length is also sensitive to the fabrication tolerances in the waveguide dimensions and waveguide separation as well as the device temperature. Thermal sensitivity on the other hand can provide a means for tuning the splitting ratio at the cost of power consumption and device complexity.
Modulators employing splitters based upon MMI in a widened waveguide region have demonstrated an extinction ratio of approximately 25 dB [6] . Numerous other authors have also reported MMI structures throughout the years for power splitting and combining [7] - [9] . MMI structures boast feature sizes typically much larger than standard deep ultraviolet (DUV) lithographic tool limitations easing fabrication. The splitting ratio is relatively insensitive to device temperature changes and optical throughput is only marginally affected. One drawback of this structure is the loss caused due to the modal mismatch between the MMI region and the input and output waveguides.
Some theoretical studies have investigated the reduction in loss resulting from tapering the input and output waveguides [8] , [9] . The use of tapers for optical loss reduction has also been experimentally demonstrated, for example in a silicon on insulator (SOI) MMI-based crossing structure [10] , and in MMI couplers in other material systems [11] . Other approaches are possible for MMI optical loss reduction which include a double etch scheme [12] that has yielded an excess loss of 0.2 dB, albeit with a more complex fabrication process. In this letter, the effect of different MMI port taper widths on the loss and MZI static extinction ratio is both theoretically and experimentally investigated. Results show that as the MMI port width is increased to 1 m the optical loss drops to below 1 dB with no detrimental effect on the MZI static extinction ratio. The results suggest that wider tapers could also be employed which could result in further loss reductions.
II. MMI DESIGN
Our design of MMI is based on the structure of a 1 2 symmetric power splitter, as shown in Fig. 1 . It was designed to 1041-1135/$26.00 © 2010 IEEE operate at a wavelength of 1.55 m and was built upon SOI strip waveguides with a waveguide height , of 220 nm, and an input/output waveguide width , of 400 nm. The width of the MMI region, , was chosen to be 6 m to allow for compactness whilst ensuring that the output waveguides are sufficiently separated to avoid evanescent coupling from one to the other.
The length of the MMI region, requires careful design to suitably image the light from the input port onto the output ports. In the self-imaging theory given in [13] , increases quadratically with and a symmetric two-fold selfimage length, by 2-D approximation, is given by (1) where and are the propagation constants of the fundamental and first-order modes in the MMI region. A fully vectorial simulation tool, FIMMWAVE, was used to estimate the design parameters. Firstly, the propagation constants and , in (1), were modelled by finding the eigenmodes of the multimode waveguide, which yields an estimated length of 33.3 m. Secondly, a 3-D MMI device was modelled in FIMMWAVE and it was observed from the modelled field profile (Fig. 2 ) that the two-fold self-image distance and the separation between the output waveguides was approximately 32 and 3.14 m, respectively. These two modelling results for the length of the MMI match reasonably well, hence, m and m were used as the design parameters. Linear tapers were used at both input and output ports. All three tapers (as shown in Fig. 1 ) were identical in taper length and width at the wider ends. In order to minimize the MMI loss adiabatic tapers are required. Firstly, is required to be sufficiently long (here was set as 10 m). Secondly, should not be too wide. Fig. 4 shows the optical loss of the MMI as a function of modelled by FIMMWAVE. An increase in MMI loss is observed when is initially increased, however, beyond a certain critical width of approximately 500 nm, the loss then tends to decrease with increasing . The model predicts that losses below 1 dB are achievable if is widened to be 900 nm.
The influence of taper width on MMI loss can be explained as follows:
was kept constant for all input and output ports. The initial increase of at the input requires even wider at output to receive the transmitted power, until a point, where the increase of at output matches that at the input and transmission starts to increase.
The decrease in MMI loss with increasing port width has also been experimentally investigated. Device samples were fabricated on a 200-mm SOI wafer with 2 m buried oxide layer and 220-nm silicon overlayer. DUV-193-nm lithography and HBr dry etching were employed to form shallow etched surface gratings for out-of-plane coupling of light to and from lensed single mode fibres. After a silica hard mask deposition, a subsequent DUV-193-nm lithography and dry etching step for the hard mask and for the silicon was then performed to form the waveguides and finally an upper SiO cladding layer was deposited onto the wafer. An SEM image of one of the fabricated MMIs with tapered ports is shown in Fig. 3 . Several MMI test structures were defined with varying port widths in 100-nm steps. III. EXPERIMENTAL AND MODELLING RESULTS After fabrication, devices were optically tested by measuring the throughput power of both the MMI test structures and a standard waveguide of the same length and cross-sectional dimensions. Light of wavelength 1.55 m was coupled into the devices using surface gratings. The experimental results are presented in Fig. 5 . The trend of the FIMMWAVE modelling results (Fig. 4) are in good agreement, in that an initial increase in loss is observed with increasing port width. The loss then subsequently reduces with increasing taper width. The highlight of this result is that sub-1-dB losses are achieved as the port width is increased above 1000 nm, close to the predicted value of 900 nm.
Four asymmetric MZI structures were also defined on the test structures each using MMI couplers with different port widths. The static extinction ratio of the MZI with increasing MMI port width is shown in Fig. 6 . These results demonstrate that not only are large static extinction ratios achieved ( 32 dB) but that the MZI extinction ratio is largely insensitive to MMI port width over the range considered.
IV. SUMMARY
A compact MMI structure has been investigated to provide the power splitting and combining function in MZI structures. It has been demonstrated that the MMI loss can be reduced to below 1 dB if the input and output ports are widened to a width of 1 m or more with minimal change of the static extinction ratio when employed in a MZI. Although the structure is not quite as compact as previously reported MMI [11] , the footprint is insignificant compared to a typical MZI modulator overall (mm's); furthermore, the principle reported here could be applied to smaller MMI with the same effect.
